ABSTRACT: Atomically thin materials such as graphene and semiconducting transition metal dichalcogenides (TMDCs) have attracted extensive interest in recent years, motivating investigation into multiple properties. In this work, we demonstrate a refined version of the optothermal Raman technique 1,2 to measure the thermal transport properties of two TMDC materials, MoS 2 and MoSe 2 , in single-layer (1L) and bilayer (2L) forms. This new version incorporates two crucial improvements over previous implementations. First, we utilize more direct measurements of the optical absorption of the suspended samples under study and find values ∼40% lower than previously assumed. Second, by comparing the response of fully supported and suspended samples using different laser spot sizes, we are able to independently measure the interfacial thermal conductance to the substrate and the lateral thermal conductivity of the supported and suspended materials. The approach is validated by examining the response of a suspended film illuminated in different radial positions. For 1L MoS 2 and MoSe 2 , the room-temperature thermal conductivities are 84 ± 17 and 59 ± 18 W/(m·K), respectively. For 2L MoS 2 and MoSe 2 , we obtain values of 77 ± 25 W and 42 ± 13 W/(m·K). Crucially, the interfacial thermal conductance is found to be of order 0.1− 1 MW/m 2 K, substantially smaller than previously assumed, a finding that has important implications for design and modeling of electronic devices.
■ INTRODUCTION
Following the interest in graphene since its first isolation by mechanical exfoliation 1 decade ago, 3−5 the broader family of two-dimensional (2D) materials has become the subject of extensive attention thanks to their unique properties and atomically thin structure. 6−15 In particular, the TMDC materials have shown unique optical and electrical properties, such as band structure transitions, 16−18 semiconducting transport behavior, 10, 19 and strong photoluminescence, [10] [11] [12] 20 which are distinct from those of graphene and other carbon allotropes. 21 TMDC materials are also intriguing for optical, electrical and thermal applications, especially in few-layer forms. 10,12,17,22−34 Although electron transport in TMDC materials has been widely studied, there have been only limited experimental data 35, 36 published on thermal transport in MoS 2 and no experimental data about MoSe 2 . Moreover, the published work reports lower thermal conductivity for singlelayer (1L) forms than the few-layer, which is opposite to the trend discovered on a well-studied 2D material, graphene. 37 Therefore, more robust experiments and modeling are needed to explain this trend or to provide more accurate values. Meanwhile, the large disparity in thermal conductivities predicted by theory 38−41 also motivates further experimental investigation. Here we demonstrate an improved experimental method for measuring thermal conductivities of thin TMDCs. This is used to provide new measurements of the thermal conductivity of 1L MoS 2 , as well as the first measurements for 2L MoS 2 , 1L MoSe 2 , and 2L MoSe 2 . The systematic experimental results enable comparisons of experimental results between different layer numbers, different materials, and also different material conditions (suspended vs supported). In addition, the method provides a measurement of interfacial thermal conductivity, an important parameter for understanding heat dissipation in electronic devices.
The optothermal Raman technique 1,2 has been the most successful method for measurement of thermal conductivity of 2D materials. In this technique, a laser is focused at the center of a suspended flake and used to measure the position of a Raman-active mode. As the laser power is increased, the sample is heated which enables red-shift Raman mode due to thermal softening. Thermal modeling can then be used to extract the thermal conductivity from the measured shift rate.
The thermal modeling used for determination of thermal conductivity requires additional input of a number of parameters: the rate of mode softening with temperature; optical absorption; and the lateral and interfacial thermal conductance of the supported area of the flake. However, in previous work typically only the mode softening rate is directly measured, whereas the values of other parameters are derived from published values or assumed. Here we present measurements of the thermal conductivity of MoS 2 and MoSe 2 in which all of these parameters are determined experimentally. We find values of optical absorption and interfacial conductance that differ substantially from values used previously, and which correspondingly affect the derived thermal conductivity values. We also suspend samples over holes with larger diameter (2.5− 5 vs 1.2 μm), which helps to minimize effects of the finite spot size. Finally, as a further validation of the model, we measure the response of samples illuminated at different radial positions, and find a position-dependence that fits with the parameters extracted above. We then extend this robust measurement methodology to 2L MoS 2 , and MoSe 2 (1L and 2L), whose thermal conductivity is measured and the thermal conductivities trend of which are studied for the first time. We obtain room-temperature thermal conductivities of 84 ± 17 and 77 ± 25 W/(m·K) for suspended 1L and 2L MoS 2 , respectively, larger than found in recent published results 36 and comparable to the published result of few-layer MoS 2 . 35 And our finding of the thermal conductivity of supported 1L MoS 2 is in good consistent with the recent publication with an absorption value of ∼5%. 42 For 1L and 2L MoSe 2 , we find values of 59 ± 18 and 42 ± 13 W/(m·K). For all the materials, the thermal conductivities are smaller when supported on a substrate, and decrease with increasing temperature, as expected due to phonon−phonon scattering. 43 Figure 1a shows a scanning electron microscopy (SEM) image of an exfoliated monolayer MoS 2 flake transferred onto a substrate with 4 μm diameter holes. Photoluminescence (PL) peak intensity mapping (Figure 1a ,b) reveals that the area over the hole has peak intensity about 500 times that of the supported area, in accordance with previous reports, 17 which confirms that it is well suspended. Figure 1c shows the E 2g 1 and A 1g Raman peaks for the flake, which are used to determine the number of atomic layers (Figure 1c) . 28 Raman and PL methods are also used to determine the atomic layer numbers of MoSe 2 flakes (see the Supporting Information). 20, 44 In addition, the high resolution atomic force microscopy (AFM) method is used as a thickness confirmation. Figure 1d shows a schematic diagram of the experimental setup. Laser used in the Raman measurement was focused on either the center of a supported flake, or on a suspended area of the same flake, using both 50× and 100× objective lenses, to obtain the two unknown parameters (thermal conductivity and interfacial thermal conductance). A 532 nm laser was used for MoS 2 , and a 633 nm laser beam was used for MoSe 2 . For each objective, the spot size was obtained by scanning across a sharp flake edge, and plotting the measured integrated Raman peak intensity vs position. By fitting the curves from 5 repeated measurements using a Gaussian error function, we obtained spot sizes of 0.46 ± 0.03 and 0.62 ± 0.03 μm for the 100× and 50× objectives, respectively.
■ RESULTS AND DISCUSSION
We first calibrated the shift rate of the A 1g peak position with temperature by heating the entire substrate. Figure 2a shows an example of the temperature-dependent Raman spectra of suspended 1L MoS 2 . The Raman A 1g peak follows a red shift with increasing temperature. The Raman measurements of other samples are all showing the similar trend. Figure 2b is the Raman A 1g peak position as a function of temperature on supported and suspended 1L MoS 2 . The observed linear red shift with increasing frequency can be explained by thermally driven bond softening, as previously observed for graphene. 2 Figure 2b,c,d shows the temperature dependence of the A 1g peaks for 1L MoSe 2 , 2L MoS 2 , and 2L MoSe 2 . Because A 1g is an out-of-plane mode, the smaller red shift for the supported area can be attributed to substrate interactions. Indeed, when the same fit and data analysis was conducted using the in-plane E 2g 1 mode, no difference was observed between suspended and supported areas. This difference is also absent for 2L samples, which show smaller changes with temperature compared to the 1L samples. This trend agrees with previous work on 1L and multilayer MoS 2 . 45 Because the A 1g mode has higher signal intensity, it was used for thermal transport calculations (discussed in the following paragraphs), but similar results were obtained using the E 2g 1 mode. The linear shift rate of A 1g Raman peak with temperature is defined as the first-order temperature coefficient.
For thermal conductivity measurements, the A 1g peak shift was measured as a function of laser power for both supported and suspended samples, using 0.46 and 0.62 μm spot sizes. Figure 3a shows the shift rates for 1L MoS 2 , on both supported and suspended areas. These measurements were repeated for all samples (Figure 3b To determine the absolute power absorbed, flakes of each sample type were separately exfoliated onto quartz substrates, and their measured absorption spectra were used to determine the frequency-dependent complex dielectric function of each sample type. This, along with dielectric functions of the substrate materials, was then used to calculate the absorbance at 532 and 633 nm using the standard transfer matrix method. For the supported layers, the optical interference effect from the substrate was taken into account in calculating the absorbed power. For the suspended layers, the incident light provided the dominant contribution to the absorption. (More analysis is included in the Supporting Information.) Because the depth of the holes (1.18 μm), the incident light spread to a spot size of ∼2.5 μm after reflection from the bottom. This diffuse light can account for only 5% of the temperature increase at the center of the suspended flake. We have considered this effect in the thermal conductivity calculations. (More analysis is included in the Supporting Information.) The obtained absorbance values, along with the temperature coefficients and power shift rates are summarized in Table 1 . Figure 1d shows schematic diagrams of heat conduction at steady state when supported and suspended samples were heated by the laser. The radial temperature distribution T(r) is governed by the absorbed power and conduction through the sample to the substrate.
1 Convection through air accounts for less than 0.13% of the total heat conduction and is ignored (see the Supporting Information). The total absorbed laser power P was first determined from the laser power and the absorption coefficients (Table 1) . Assuming a Gaussian profile and a spot radius of r 0 , this can then be used to calculate the volumetric heating power density q‴(r): where t is the thickness of the flake. For a suspended flake, T(r) is then given by 
Here R is the hole radius and T a is the substrate temperature. κ and κ s are the thermal conductivity of the suspended and supported portions of the flake, and g is the interfacial thermal conductance between the flake and the substrate. The boundary conditions (dT)/(dr)| r=0 = 0 and T(r → ∞) = 0 are also applied. For a supported flake, eq 3 is used everywhere. The measured temperature of the flake center is determined by the measured A 1g position using the shift rate determined above (Table 1 ). This value reflects the local temperature distribution, weighted by the Gaussian profile of the laser spot: 
The experimental results, as shown in Figures 2 and 3 and summarized in Table 1 , allow calculation of the measured thermal resistance of each sample, given as R m = T m /P. For the supported 1L MoS 2 sample, we found R m = (1.222 ± 0.074) × 10 6 K/W and (0.671 ± 0.041) × 10 6 K/W, for the 0.46 and 0.62 μm spot sizes, respectively. To extract values of the fitting parameters κ, κ s , and g, we followed the method of Cai et al.
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(See the Supporting Information.) We first examined the case of fully supported samples to obtain the values of κ s and g. In brief, solving eqs 1−4 yields a value of R m that is a function of κ s and g. Moreover, the ratio of R m for the two different spot sizes is a function of the ratio g/κ s . We therefore used the measured R m ratio to obtain g/κ s , and then used R m for a single spot size to obtain κ s and g independently. This analysis yields κ s = 55 ± 20 W/(m·K) and g = 0.44 ± 0.07 MW/m 2 K for the supported 1L MoS 2 . The κ s and g values were obtained by a combination of using 100× and 50× lenses (with spot sizes of 0.46 and 0.62 μm), and confirmed by an additional experiment using 20× lens (with spot size of 1.23 μm) that generates the combination of using 50× and 20× lenses. Also, with the effect from the bottom of the hole (see Supporting Information), values for the other samples are given in Table 2 . The interfacial thermal conductance of MoSe 2 is lower because these samples were deposited directly on the SiO 2 without a gold film.
Finally, we used these values to model the response of suspended membranes, and iteratively determined the value of κ. Table 2 summarizes the calculated room-temperature values of κ, κ s , and g for the four sample types. The MoS 2 samples were prepared on the gold substrate and the MoSe 2 samples were prepared on the SiO 2 substrate. Because gold acts as a thermal sink, it results in a significantly higher interfacial thermal conductance. The measured value of κ for suspended 1L MoS 2 (84 ± 17 W/(m·K)) is in good agreement with a recent theoretical prediction (83 W/(m·K)). 41 This value decreases at high temperature, as expected due to anharmonic phonon−phonon scattering. The thermal conductivity of MoSe 2 is somewhat smaller (59 ± 18 W/(m·K)). In both materials, the thermal conductivity of the 2L samples is smaller than in monolayers. This trend of decreasing thermal conductivity is also seen in graphene, 43 and can be attributed to a greater phase space for Umklapp phonon scattering 37 in thicker samples. All of these thin layers, in which there are no grain boundaries, have thermal conductivity much higher than that measured for bulk materials, which is of order 1 W/(m· K). 46, 47 Similar to graphene, 43 there is a trend of decreasing thermal conductivity with increasing layer number in MoS 2 and MoSe 2 , which is due to the changes in the intrinsic scattering mechanisms: Umklapp scattering resulting from crystal anharmonicity. With first-principles calculation, we were able to study phonon dynamics. The total thermal conductivity K = ∫ 0 q max K(q)dq, is limited by the phonon Umklapp and edge boundary scattering.
The measured value of κ for 1L MoS 2 is larger than the previously reported value of 34.5 ± 4 W/(m·K) for a 1.2 μm diameter membrane. 36 We found that most of the difference can be attributed to three factors. First, the prior works found the shift rates of 0.013 cm −1 /K, whereas we measured 0.020 cm −1 /K. The origin of this discrepancy is unclear: one possibility is that different-sized membranes may respond differently due to strain effects, but the A 1g mode is largely insensitive to strain, 28 and reasonable values of thermal expansion coefficient lead to very small strain-induced shifts. Second, the prior work assumed optical absorption of 9.1%, whereas this work uses a value of 5.8%, based on measured dielectric functions as discussed above. Third, the prior work assumed interfacial thermal conductivity of g = 10−50 MW/ cm 2 ·K, over which range the derived value of κ is largely insensitive to g, because the flake is well thermally grounded to the substrate. However, our measured values are substantially lower: 0.44 for 1L MoS 2 on gold and ∼0.1 for 1L MoSe 2 on SiO 2 . A recent published work 42 reveals a value of ∼1.94 with sample on SiO 2 . With g values in this range, the thermal decay length ((κ s t)/(g)) 1/2 is ∼0.3−0.6 μm, such that the effective size of the suspended flake can be substantially larger than the hole diameter, particularly for diameters of order 1 μm. When previous data for shift rate vs applied power for samples on Si 3 N 4 was analyzed using our measured shift rate, κ s , and g, we obtained a value of κ = 84 W/(m·K), identical (within uncertainty) to the value obtained in this work. This result highlights the importance of accurate measurements of all experimental parameters for determination of thermal conductivity using the optothermal Raman method. Finally, we also The two published results of g value for supported 1L MoS 2 36,42 have large discrepancy. To verify the value, and to check the validity of our analysis, we did a new type of experiment on the large size of the suspended membranes, as depicted in Figure 4a . Using 1L MoS 2 on a 5 μm diameter hole, the laser (11 μW absorbed power) was moved to a series of points away from the center of the membrane, with 0 < r i < 1.75 μm, and the temperature rise ΔT measured using the calibrated value from Table 1. The solid points in Figure 4b represent the measured ΔT(r i ), with 5 independent measurements at each position. Next, the expected value of ΔT(r i ) is calculated by solving eqs 2 and 3 using finite element analysis (COMSOL). In the simulation, the interfacial thermal conductance g is input and the value of κ is adjusted to fit the measured ΔT(r i = 0). The simulation results for values of g ranging from 0.1 to 100 MW/m 2 K are shown as solid lines in Figure 4b . The experimental data closely follows the simulation for the previously calculated value of g (0.44 MW/m 2 K), and is clearly inconsistent with values above ∼1 MW/m 2 K. Although the value of g may vary dependent on the details of a given sample (e.g., atomic-level cleanliness of the interface), these results conclusively demonstrate that the larger values of g cannot be assumed (as in previous work 36 ) without careful experimental verification. In addition, this method provides an independent check on measurements of g, a critical parameter for heat dissipation in electronic devices.
■ EXPERIMENTAL SECTION
Samples were first exfoliated from bulk crystals on a bare Si wafer coated with poly(methyl methacrylate) (PMMA), and a thin release layer of poly(vinyl alcohol) (PVA) under the PMMA. The PMMA thickness of 280 nm provides good contrast for 1L and 2L flakes under an optical microscope. Each flake's thickness was determined by atomic force microscopy (AFM) (Figure 1a ) and Raman spectroscopy (Figure 1d ). The PVA layer was dissolved in deionized water, leaving the PMMA-MoS 2 membrane floating on the water surface. The PMMA−MoS 2 (MoSe 2 ) membrane was then inverted and transferred 49 onto a gold-coated SiO 2 (280 nm)/Si substrate with 2.5−5.0 μm diameter holes etched to a depth of 1 μm. The circular shape of the hole enables isotropic analysis of the radial thermal transport in the suspended flakes, and the comparatively large diameter ensures that the laser spot size is much smaller than the suspended area. The 10 nm gold layer improves the interfacial thermal conductance between the supported flake and the substrate. The PMMA was then removed by annealing the sample under Ar/H 2 (21 sccm/7 sccm) flow at 350°C. A micro Raman spectrometer (RENISHAW InVia Raman Microscope system) was used to measure Raman peak shifts with temperature and laser power change. To obtain the relationship between Raman peak shift and temperature rise, samples were heated uniformly from 300 to 500 K on a temperature-controlled heating platform (Linkam Stage THMS600). To prevent additional laser heating, Raman measurements were taken under low power (100 μW). Both the temperature dependent and the power dependent measurements were conducted with laser focused on the supported and the suspended flake areas.
■ CONCLUSION
We have used a refined version of the optothermal Raman technique to study thermal transport 1L and 2L MoS 2 , and the first such measurements for 1L and 2L MoSe 2 . This work addresses several important issues in the measurement of thermal conductivity of 2D materials using Raman spectroscopy, in particular calibration of optical absorption and the role of thermal coupling to the substrate. We derive thermal conductivity values in good agreement with recent predictions for 1L MoS 2 , 41 and find that the interfacial thermal conductance to the substrate is much smaller than previously assumed. The model is validated by studying the membrane response when heated away from the center. These results demonstrate more robust measurements of thermal transport in 2D materials, understanding of which is necessary for device modeling and other applications.
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